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SUMMARY

The major objectives of this Investigation were to seek an under-
standing of the flow mechanisms and the controlling parameters for
flow in v-shaped notches and the development of experimental methods
for measuring the drag of v-shaped notches. The wall geometry was
limited to two-dimensional symmetric notches defined by specifying
the length and angle of the notch. For any given notch geometry the
free stream Mach number was the primary variable while the viscous
effects, specified by the boundary layer momentum thickness and the
length Reynolds number, were secondary variables. The Mach number
range investigated was from 0.5 to 1.2 and at 2 while the approaching
boundary layer was always turbulent and reasonably well representative
of fully developed shear layers along adiabatic flat plates with the
momentum thickness Reynolds number in the range from 7500 to 15000.

In order to cover a wide range of boundary layer momentum thick-
ness to notch depth ratios, experiments were carried out with notches
of various lengths (3.5 in., 2.25 in., 1 in., 0.675 in., and 0.375 in.)
and notch angles (7°, 10°, 13°, and 16°).

Schlieren observations, pressure distributions, and direct drag
force measurements (with a specially developed drag force balance)
contributed to a better understanding of the viscid-inviscid flow
phenomena controlling the drag of notches and the redevelopment of
the boundary layer downstream of the disturbance.
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SYMBOLS
velocity of sound
area
total clearance area around perimeter of model
width of plate
Crocco number, velocity/maximum velocity
drag force/%pequL
wall shear stress/%uépe
drag force/%peuZA
partial drag component in supersonic flow
partial drag component in subsonic and supersonic flow
vertical distance to separation point
flat plate clearance between plate and base
drag force

drag force on flat surface equal to the redevelopment
length at same tunnel location, but without the notch upstream

drag force on plate of finite length

leakage flow rate

notch depth

boundary layer shape parameter, 6*/9
integral of a function of ¢ with respect to n
shear stress function

transonic similarity parameter

transonic similarity parameter

ratio of specific heats
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al

calibration constant

plate length or notch length

Mach number

pressure

pressure

depth of the notch or cavity

specific gas constant

momentum thickness Reynolds number
length Reynolds number

time

temperature

free stream velocity in x-direction
velocity component in x-direction
volume

velocity component in y-direction
coordinate along the plate or notch surface
coordinate normal to the plate or notch surface
boundary layer thickness

boundary layer displacement thickness
boundary layer thickness at separation
position parameter

notch angle

dimensionless x-distance

kinematic viscosity

dynamic viscosity
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¢ velocity ratio, u/ue

p density

T shear stress

6 boundary layer momentum thickness
AB difference in boundary layer momentum thickness
Subscripts

e free stream condition

1 first point along a flat plate

2 second point along a flat plate

o stagnation conditions

i incompressible fluid

d downstream

u upstream

n notch

3 dividing streamline
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1. INTRODUCTION

As the speed of aircraft increases toward sonic velocity and
further into the supersonic regime accurate information about local
details in the surface configuration of the aircraft assume great
importance. A better understanding of 1ift and drag force contri-
butions by disturbances as well as knowledge of the detailed flow
mechanisms which determine aerodynamic stress distributions and
heat transfer characteristics near such disturbances is necessary.
Not only the exact geometry of the walls but the details of the
approaching and adjacent flow. fields assume a major role in de-
termining the solution to the problem.

In contrast to rather well defined boundary conditions (walls)
for attached flows the occurrence of separation often allows major
adjustments in the flow geometry as a consequence of small changes
in flow conditions. Where flow separation is a prominent feature
and where the dynamics of the flow field are the results of in-
teractions between hydrostatic and viscous stresses associated with
attached and free shear layers, understanding has remained incom-
plete in spite of proposed flow models and their utilization in an-
alytical approaches. Examples of such theoretical models include
those proposed by Crocco and Lees (Reference 13), Lees and Reeves
(Reference 34), Chapman (Reference 8) and Korst (Reference 29).

Subject of the study is the increase in the drag force due to
the presence of a v-shaped notch in a flat surface. Diagram 1 de-
fines the wall gemoetry together with the free stream and approach-
ing flow conditions in the boundary layer. The wall geometry was
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Diagram l. Notch Geometry and Flow Variables



two dimensional and remained restricted to symmetrical notches;

the approaching boundary layer was always turbulent and free stream
conditions could be varied over a wide range in the transonic
regime with additional experiments conducted at Mach numbers near
two.

As indicated above the major objective in this investigation
was the determination of the drag of a v-shaped notch; however, it
was attempted to distinguish between the individual contributions
of form drag and friction drag. This was particularly important
for explaining the displacement and reduction from theoretical peak
values of the drag coefficient near Mach number of unity. In
addition, the shear drag of the redeveloping boundary layer down-
stream of the notch was evaluated.

Resonant conditions which are often observed for flows past
relatively deep cavities (Ref. 43) were not evident during this
investigation of rather shallow v-notches.



2, FLOW CONFIGURATION

A flow model has been devised which is made up of several
different flow components. The concept of the model was derived
from experimental observations of the flow over v-shaped notches,
and the components were so chosen that simple interactions be-
tween them could be treated.

2.1 Qualitative Observations

While the flow configuration depicted in Fig. 1 was typical
in a qualitative sense for a wide range of notch geometries and
flow conditions, certain systematic changes can be pointed out
which result from changes in the notch geometry and external flow
conditions. The four basic variables in this problem are free
stream Mach number, notch angle, Reynolds number, and the ratio
of the approach boundary layer momentum thickness to the notch
length.

Schlieren photographs of flow over a v-notch for constant ap-
proaching external free stream Mach numbers are shown in Figs. 2 and
4. TFig. 2 contains a series of photographs of flow at a Mach
number of two over a two-inch long v-shaped notch with different
notch angles. Fig. 4 contains schlieren photographs of flow at a
Mach number of 1.14 over two-inch long notches with each photo-
graph showing a different angle v-notch. As the notch angle I was
increased from the value depicted in Fig. 1 of 10°, while the value
of 6/L and Re, remained approximately constant, the separation point
S moved upstream and the reattachment point R moved downstream. As
the notch angle was decreased the opposite effect was observed, the
separation point moved downstream and the reattachment point moved
upstream. For the approaching flow conditions used in this investi-
gation the separation point S was almost at the leading edge of the
notch when the notch angle was greater than 16°, however, the separa-
tion point never did move completely down to the vertex of the notch,
even when the notch angle was reduced to 7°.

The effect of a systematic change in the Mach number, particu-
larly in the transonic regime with 6/L, Re,, and notch angle constant
is depicted in Figs. 3 and 5. These schlieren photographs clearly in-
dicate that the separation point shifts as the Mach number is changed.
The separation point was nearest the leading edge of the notch near a
Mach number equal to one while for larger or smaller Mach numbers the
separation point moved further downstream. The development of the
shock wave and expansion wave structure for a v-notch is clearly
visible if Fig. 5 for an increase through M = 1 while the effect of a
change in notch angle on the shock wave-expansion structure is shown
in Fig. 4. :



The effect on the flow configuration when 6/L was changed while
maintaining a constant Mach number, Re , and notch angle was not
noticeable for the relatively small ra%ge of values of 8/L. Schlieren
photographs were taken of the flow structure over four inch-long
notches at a Mach number of two and the flow structures were identical
to those shown in Fig. 2 even though 6/L was smaller by a factor of

one-half.

2.2 Individual Flow Components

The basic flow model shown in Fig. 1 comsists of various flow
components whose relationships to the over-all flow model and to each
other are pointed out in the following paragraphs.

i.

ii.

iii.

iv.

vi.

vii.

Between sections (1) and (2) the boundary layer and
external flow field expand around the initial corner
of the notch. Analyses of this flow component were
presented by Anandamurthy and Hammit (Ref. 1) and by
White (Ref. 53).

Between sections (2) and (3) the expanded shear layer
develops along the surface and this can be analyzed
using boundary layer integral techniques.

From section (3) to section (4) the shear layer separates
from the surface while the external flow changes direc-
tion, causing the separation shock. Analysis of this
component might be accomplished by methods proposed in
References 8, 13 and 36.

The region between sections (4) and (5) consists of a
developing free shear layer. Lamb (33) has presented a
method for analyzing this type of flow. However, there
is some concern as to whether Lamb's method will be
adequate for this component since the free shear layer
is in such close proximity to the wall. Lamb's method
is based on the assumption of a quiescent wake, hence it
neglects effects of wall interference.

Between sections (5) and (6) the flow reattaches to the
surface while the external flow changes directions re-
sulting in a reattachment shock. Several analyses of
this component have been made and a critical discussion
of these methods is presented by White (Ref. 53).

From section (6) to section (7) the reattached shear
layer begins to redevelop along the surface and boundary
layer integral methods can be used to analyze the flow
mechanism.

The reattached shear layer and external flow field ex-
pand around the final corner of the notch between sec-
tions (7) and (8). This region is similar to that de-
scribed in 1), except that the approach shear layer is
in the process of redevelopment after reattachment.




viii. Downstream of section (8) the shear layer undergoes
further redevelopment along the flat surface.

The often unsatisfactory status of knowledge concerning the iso-
lated flow components will be compounded by the complexity introduced
through their intermnal interactions. On the other side, the de-
lineation of the over-all model into components will permit an anal-
ysis, within limitations to be pointed out later in their quantitative
and qualitative aspects.

Alternate methods of solving flow problems involving separation
and reattachment based entirely on boundary layer concepts [Lees and
Reeves (Ref. 34); Holden (Ref. 23)] can be subjected to criticism
arising from the questionable validity of the basic boundary layer
assumptions near separation and reattachment points.



3. DRAG FORCE ANALYSIS FOR THE V-NOTCH

3.1 Drag Coefficient for v-shaped Notches

The drag coefficient for a notch or groove is usually defined in
one of the two ways, depending on the selection of a reference area.
The most common definition which utilizes an area equal to the length
times the width of the notch, the projected area on the plane surface,
will be used as the definition of the drag coefficient and is given by
equation (1).

o - (1)

This is also a most convenient definition for the present case since
the flat plate can be considered to be a v-notch with vanishing
angle 2.

3.2 Form Drag and Friction Drag

The drag force can be thought of as having two parts, drag due
to shear forces and drag due to normal forces. The more common names
are drag due to friction and pressure drag. The term pressure drag
or form drag, is commonly used for subsonic flow, while the term wave
drag is used in supersonic flow.

The form drag or wave drag is determined, within certain limita-
tions arising from viscous interactions, by the geometry of the walls.
The situation may change considerably however, when there is a region
of separated flow such as exists in a v-shaped notch with the wall
angle exceeding a limiting value which depends upon approach Mach
number and the upstream boundary layer configuration. For this case
the separation causes the pressure or wave drag to be strongly modi-
fied as a consequence of the actual flow geometry being at variance
with wall boundary conditions. This is borne out by Fig. 6 where
three different static pressure distributions are shown:

i. The theoretical wall pressure distribution for a
supersonic flow (in absence of separation) due to
Prandtl-Meyer expansions and a shock located at the
vertex of the v-notch,

ii. the theoretical shock-expansion pressure distribution
consistent with the flow model shown in Fig. 1,
accounting for flow separation,

iii. experimental values obtained for the 10° v-shaped
notch.



As noted before the measured pressure distribution differs greatly
from curve i). As a consequence of separation the pressure increase
at the center of the notch is eased by the interaction between the
free stream with shear flow regions. Consequently, it can be recog-
nized that the form or wave drag is not directly related to the wall
geometry, but rather to the flow geometry as affected by separation.
In comparing ii) to 1ii) it is also seen that the viscous layers by
themselves are of major interest and also introduce an important
modifying element to the theoretical shock-expansion model. The
qualitative effect of the boundary layer when it is of significant
thickness in comparison to the. length of the notch is to reduce the
drag force. For boundary layers that are thick relative to the notch
dimension the notch is buried under the shear layer. The limiting
case for this situation would be when the notch appears only as a
surface imperfection for very thick boundary layers (§/L - «).

3.3 Phenomenological Flow Model

The most significant difference between the inviscid and the
actual flow configuration was recognized to be in the possible devia-
tion of the streamlines from the geometry introduced by the solid
walls. Consequently, the wave drag is no longer exclusively deter-
mined by the wall geometry, but instead, can be modified by the
geometry of the separating and reattaching free shear layer. Because
of this occurrence an attempt was made to examine the over-all drag
force on the basis of a simplified, phenomenologically conceived
model comprising the wave drag of the actual (separated) streamline
configuration and those shear stresses contributed by the mixing
shear layer. This concept should be reasonably correct as long as
the shear force due to the attached boundary layers bétween sections
(2) and (3) and between sections (6) and (7) in Fig. 1 remain small
as compared to the form drag of the wall portions, which will not be
the case for very shallow notches with vanishing separation regions.
Such a model is shown schematically in Diagram 2.
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Diagram 2. Proposed Drag Force Model



It should be noted that the exact locations of either the sepa-
ration point or the reattachment point are generally not known nor
can they be determined presently by entirely analytical methods. How-
ever, for the present purpose it can be assumed that the separation
streamline remains practically parallel to the external flow such that
a single geometrical parameter, namely the penetration depth ratio
d/r, fully describes the flow geometry of the model (the value d/r = 1
corresponds to the unseparated flow configuration). Since d/r is
strongly dependent upon the already established parameters controlling
the problem it will be treated as an undetermined quantity in the fol-
lowing theoretical analysis.

3.4 Utilization of the Flow Model

3.4.1 Linearized Theory for Supersonic Flow

For the restrictions that the Mach number is greater than unity
(but not close to unity) and less than ten, linearized supersonic
theory can be used to calculate the wave drag in the model. This
calculation is an alternative to the shock-expansion method presented
in the preceding section. For the actual configuration shown in
Diagram 2 the drag force due to wave drag is given by (Ref. 46)

1 n d
D ave > P ULDL < )(.L ) tan (). (2)

The advantage of using linearized theory is that this relatively
simple expression (eqn. 2) is found for the wave drag.

The drag force contribution of the separated shear layer is
treated utilizing the method presented by Lamb (Ref. 33). Lamb ana-
lyzed theoretically the development of a two-dimensional free tur-
bulent shear layer from an arbitrary initial velocity profile. The
theoretical model for the developing free shear layer is shown in
Diagram 3.
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Diagram 3. Model for Developing Free Shear Layer



The drag force along the dividing streamline is given by

X
D .- = ./. T. dx
mixing o 3

Equation (3) can be rearranged to

2 2 v
o ud(1 - Ce)dzb-/; 35 ay

D . . =
mixing
where
X
voES
2
and
T.
J. = ]
3 p w?(1 - ¢?)
e e e

Lamb shows that Jj is related to the integral

Separating the variables in equation (

(3)

()

(5)

(8)

6) and then integrating yields



v
I, =nPLJj av . 7)

np is called the position parameter and is equal to %VE

where

1 1
g = ./. yE(y) dy.
202 o]

The relationship between n, and § was obtained by Lamb by applying
the Navier -Stokes equations to the dividing streamline. The
integral Ij for the isocenergetic case is

n. ¢2
Ij = J _z—dn (8)
n - -G,

where

and

u

S
"

o = ¢(¢2,n,np)

where ¢, is the initial velocity profile at separation. Substituting
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from equation (7) into equation (4) yielded

8
2
- 2 _ a2y 2
= puib(l - ¢2) - Ijn . (9)
P

D ...
mixing

Adding Dygye and Dmixing and substituting this quantity into the ex-
pression for the notch drag coefficient [equation (1)] yields

I.
] 8 1-4
_ 2r 4 d 2 np 2 r
Ca 7 1 [Mz_l(L)+(l € mo\T ! (10)
e P L
Equation (10) was evaluated for various values of r/L and for repre-
sentative values of §, and Ce. The values of Ij were calculated
n
P

using the IBM 7094 digital computer operated by the Department of
Computer Sciences at the University of Illinois.

It can easily be seen that, as d/r > 1 there will be no contribu-
tion due to the shear drag of the mixing region and theére is only the
wave drag which now becomes

3.4.2 Shock-Expansion Theory

Restricting ourselves to the conditions of essentially non-separated
flow (d/r @ 1) and considering only the wave drag, we express the drag
coefficient (eqn. 1) in the form

11



C. = (11)

Calculations (using tabulated functions) have been made for a 7° v-notch
and the results are plotted in Fig. 7 for a Mach number range of 1.33

to 2.0. The drag coefficient is evaluated only down to a Mach number
of 1.38 because at this value for Me and § @ 7° the shock wave at the
vertex of the notch is about to detdch from the corner.

3.4.3 Special Features of the Transonic Problem

A simplified model for the analysis of the drag force of a v-notch
can be constructed for the transonic flow regime (but with M greater
than unity) if several assumptions are made. First, it is aSsumed that
the notch angle is small (less than 10°) so that there is little if any
separated flow near the vertex of the notch (hence d/r = 1). Secondly,
it is assumed that wall shear drag (and mixing shear drag if present)
is small as compared to wave drag. The flow model, which consists of a
two-dimensional symmetrical v-shaped notch with an inviscid flow ap-
proaching the notch, is shown in Diagram .

Expansion

E xpansion
Plane
Shock
Mg > 1
MR Ma: B
T Q 7 7 7 7 /77
r
4
. L >

Diagram 4. Transonic Flow Model

12



The concept of this flow model is more clearly demonstrated if
the change in the flow field is considered as Me is decreased from a
supersonic value of approximately two to unity. The drag coefficient
for this notch is given by eqn. 11.

i)

ii)

Mach Freeze Concept for Low Supersonic Approach Mach Number

For the example (3.4.2) previously considered ( = 7°) when
the approach Mach number is less than 1.33 the shock wave,
which was assumed to be located at the vertex of the notch,
must be detached from the vertex and located further upstream.
This is exactly the phenomenon which can be observed in the
photographs in Fig. 3. In order to facilitate the calcula-
tion of the drag coefficient in the region 1.0 < M, < 1.33

for a seven degree notch, the Mach number freeze concept first
proposed by Bryson (Ref. 5) is used. The basis of this con-
cept is that for free stream Mach numbers near one the local
Mach number at a fixed location is approximately constant.
When this concept is applied to this flow model the free
stream Mach number, as far as the Mach freeze concept is con-
cerned, is M, while the local Mach number is M_. Then, as-
suming a constant Mach number M after the shock wave for Mg
corresponding to 1.33 and M, = 1.575, the pressure ratio

P /P sta has a constant value. This must mean then, that the
shock wave detaches from the vertex of the notch and changes
the angle which it makes with the flow direction so as to give
a constant value of Pz/P ta as Mg decreases from 1.33 to 1.0.
The drag coefficient calculited using the Mach freeze concept
is also plotted in Fig. 7 for 1 < M, < 1.33,

Transonic Similarity Relations

The correlation of drag coefficients in the transonic flow
regime is generally done by utilizing the transonic similarity
parameters, é? and 4 .

M2 -1
e

4 = 12
[T E] o
1/3

K+l)

/ = (13)

The similarity parameters 4 and / are obtained from the tran-
sonic similarity law (Ref. u46).

13



4. DRAG FORCE DUE TO BOUNDARY LAYER
REHABILITATION DOWNSTREAM OF THE
V-NOTCH

Part of the contribution to the drag force of a v-shaped notch
is the increased skin friction on the flat surface downstream from
the notch due to the redeveloping shear layer. As can bee seen in
Figs. 2, 3, 4, and 5 there is nearly always a region of separated
flow inside of the notch which causes a distorted (in comparison to
the fully developed turbulent velocity profile) velocity profile at
the end of the notch.

A prediction of the variation of the drag force in this region
can be based on the concepts of boundary layer development within
shear flow regions (Ref. 31) where this development is related to
the shear layer development inside of the notch.

The limitations introduced by simplifying assumptions and the
demonstrated need of experimental results for the extent of the
separation region (penetration depth) and the uncertainties created
by mutual interactions of flow components delineated in Section 2.2
stress the need for obtaining accurate experimental data. Such data
are needed for gaining better insight into individual flow problems
and interacting components, but most of all, to evaluate their com-
posite effect on the over-all drag of v-shaped notches.

14



5. EXPERIMENTAL FACILITIES

5.1 Blowdown Wind Tunnels

The experimental work was carried out in the supersonic and tran-
sonic blowdown wind tunnel operated jointly by the Department of Mech-
anical and Industrial Engineering and the Department of Aeronautical
Engineering. This tunnel is located in Aeronautical Laboratory B at
the University of Illinois, Urbana, Illinois. The blowdown tunnel was
supplied with air from a system of storage tanks with a total capacity
of approximately 2500 cubic feet. The storage tank system was filled
by using a 125 horsepower air compressor pumping up to a maximum pres-
sure of 115 psig. Approximately one-half of an hour was required to
fill the storage tank system to its capacity at 115 psig.

5.1.1 Supersonic

The supersonic test section had an area of 8 square inches and
allowed observation through glass side windows and could be operated
with stagnation pressures between 13 psig and approximately 60 psig.
The stagnation temperature varied between 50 F and 90 F depending on
the ambient conditions, stagnation pressure and run-time. The maximum
run time for the supersonic tunnel was approximately four minutes for
low stagnation pressures (less than 25 psig) and one minute for the
higher stagnation pressures (greater than 35 psig). The test section
Mach number was 1.96 but varied slightly with the stagnation pressure.
At a stagnation pressure of about 30 psia and a stagnation temperature
of 50 F the tunnel had a Reynolds number per foot of 9 x 106,

5.1.2 Transonic

A transonic test section with rectangular cross section was also
used where the side walls consisted of glass plates suitable for optical
studies while the top and bottom walls were slotted. For the purpose
of the present investigation the slotted wall at the bottom was replaced
by a solid wall into which the notch models or the balance carrying the
drag models could be installed. The reduction in the wall permeability
was permissible due to the small effective blockage effects of the
models. The Mach number at the test section could be varied from ap-
proximately 0.5 to 1.2 by changing the tunnel stagnation pressure. No
direct means of controlling the Reynolds number is possible in this
range. The momentum thickness Reynolds number at the beginning of the
test section varied from 7800 to 9500 for the stated Mach number varia-
tion. The maximum running time for the transonic test section was ap-
proximately one and one-half minutes at the higher Mach numbers (1 ~ 1.2)
and about three minutes at the lower (less than 0.9) Mach numbers.

5.2. Design of the Drag Force Balance

For the purpose of this study a drag force balance was designed and

15



constructed. A schematic diagram of the balance is shown in Fig. 8.
The balance consists of a floating element with strain gages mounted
on the flexure beams. Labyrinth seals are placed between the float-
ing element and the balance base. A photograph of the drag balance

is given as Fig. 10.

The drag force balance was extensively tested for preciseness and
accuracy. A typical calibration curve is shown in Fig. 9. Many read-
ings were taken to establish the curve and the data were repeatable to
within * %%. The calibration curve was linear in this force range, as
was expected, and passed through zero. The calibration constant, from
the curve, was

K = 0.131u grams/dial unit.

The drag force balance was also tested aerodynamically by using a
flat plate model 4 inches long and 2.5 inches wide. This testing was
conducted to determine three basic characteristics of the indicator:

1) accuracy
ii) plate misalignment effects
iii) effectiveness of the labyrinth seals.

5.2.1 Accuracy

Before the accuracy of the balance could be verified the boundary
layer at the beginning of the flat plate had to be defined. Velocity
traverses were made with a small probe (0.018 inches thick) on the
floor of the tunnel at the beginning of the test section. The results
of these traverses are shown in Table 1 and Fig. 11.

Fig. 11 is a plot indicating that the outer portion (y/6 > 0.3)
of the boundary layer did have a 1/7 slope and was representative of a
fully developed compressible turbulent boundary layer.

Fig. 12 is a graphic comparison of the calculated (using integral
techniques given in Ref. 27) Re, at the start of the flat plate model
and the measured Re, at the same location as a function of stagnation
pressure. Table 2 contains measured and calculated values at the begin-

ning of the tunnel test section.

16



TABLE 1

SUPERSONIC TURBULENT BOUNDARY LAYER CHARACTERISTICS
AT THE BEGINNING OF THE TEST SECTION

Po ) ) H ReX Ree
psia in. in. in.
34.0 0.1u7 0.035 0.0104 3.33 8.13 x 108 8855
39.95 0.147 0.0332 0.0099 3.34 8.36 x 10° 9966
44,6 0.1u46 0.0324 0.0098 3.31 10.6 x 10° 1094k
4o.4 0.1hy 0.031 0.00939 3.30 11.5 x 10° 11685
TABLE 2
COMPARISON OF CALCULATED AND MEASURED BOUNDARY
LAYER QUANTITIES AT THE END OF THE SPLITTER PLATE
p §", in. 6, in. H
o i
psia calc. meas. calc. meas. calc. meas.
34.0 0.0306 0.035 0.0105 0.0104 2.91 3.33
\(‘ _
39.95 0.0299 0.033 0.0103 0.0099 2.90 3.34
4.6 0.0291 0.0325 0.0101 0.0098 2.9 3.31
ho. 4 0.0286 0.0309 0.0099 0.0094 2.89 3.30

The results of the transonic velocity traverses were similar to
those taken for supersonic flow and the velocity profiles had a shape

similar to those for the supersonic regime.

Re

at the beginning of

the flat plate model is plotted in Fig. 18 and other data is given in

Table 3.

17




TABLE 3

TRANSONIC BOUNDARY LAYER CHARACTERISTICS
AT THE BEGINNING OF THE TEST SECTION

Me 6, in. 6*, in. H Ree
0.606 0.023 0.0331 1.433 7920
0.91 0.0206 0.0346 l!ggg’~j—____;;ng
1.11 0.0156 0.0287 1.838 8530
1.24 0.0127 0.0242 l.90£ﬁ 8270

Flat plate drag coefficients have been plotted in Fig. 14 with ﬁg@
as the abscissa. Cg is defined by

-~ Drag Force

Cp = " (1w)
%’peueb(x2 - xl)
and ﬁée is define by
(Re,.) + (Re,)
Re, = o1 © 2 (15)

Two curves are shown in Fig. 14 which are empirical equaticns for
6}. The one labelled Culick-Hill-Howell was derived in Ref. 24 and is
based on momentum-integral techniques. The curve labelled Spalding-Chi
was obtained using results presented in Ref. (38). From these results
it is seen that the accuracy of the measurements made by the balance
are within reasonable limits.
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5.2.2 Plate Misalignment Effects

Some tests were run with the drag balance where the flat plate
model was intentionally misaligned with the balance base. The results
of these tests showed that there was about a 10% deviation from the
aligned value with approximately 0.003 inches misalignment. This de-
viation was somewhat less than that reported by 0'Donnel and West-
kaemper (Ref. 40) who reported about 16% deviation at 0.003 inches mis-
alignment at a Mach number equal to two. The misalignment effects
reported here however cannot be compared on an absolute basis to those
reported by O'Donnel and Westkaemper because of the difference in the
order of magnitude of the forces which were measured, but the quali-
tative effects were identical.

5.2.3. Effectiveness of the Labyrinth Seals

During the testing of the drag force balance several of the pres-
sure distributions along the upstream and downstream faces were plotted
in order to determine if the labyrinth seals were effective. The plots
disclosed that if approximately 0.003 inches seal clearance were main-
tained then the pressure along the model faces was constant. Tests
were run with and without the seals for the flat plate model and there
was essentially no difference in the indicated drag force.
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6. EXPERIMENTAL RESULTS

6.1 Separation Point Location

Several methods were used to locate the point of separation
inside the v-shaped notches. Schlieren photographs were taken of
the flow fields in supersonic and transonic flow for many of the v-
shaped notches tested. TFrom these photographs approximate separa-
tion locations were measured and recorded. Typical photographs are
shown in Figs. 2, 3, 4, and 5.

For many of the notch shapes models were constructed with pres-
sure taps (approximately 40) along the bottom of the notch so that
static pressure distributions could be measured in the notch. A
typical notch pressure distribution is shown in Fig. 6 for a two-
inch, ten degrees notch with a free stream Mach number of 1.96. The
approximate separation and reattachment points are alsc indicated in
Fig. 6.

A third method that was used to locate the point of separation
was the oil film technique. In this method a thin film of heavy oil
(steam cylinder oil) was placed along the separating surface before
the test. During the test a thin line of oil accumulated at the
separation point. The location of this line was then recorded by
observing its position relative to the pressure taps.

The results from all three methods are shown in Fig. 15 for a
two-inch long notch. The individual results from the different tech-
niques are not differentiated in Fig. 15 but the three methods were
all in close agreement.

6.2. Drag Coefficient Measurements

6.2.1 Supersonic Drag Coefficients

For each of the notches tested two corrections were made to the
indicated drag force. Diagram 5 depicts the forces acting on the
model during the test.

P is the average pressure acting on the area A_ in the up-
streamumodel gap and Fa is the average pressure acting on the area
in the downstream model gap. The first correction term was that of
t%e force, F, , acting on the two model faces perpendicular to the
free streanm.
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e——— AX we— L
I:sh F /Ag
————— N
— \/ —_
Drag Balance Model Drag Balance
Base
Diagram 5. Drag Force Correction Terms
FAp is given by
= (P - P.)A ' (16)

where A_ is the area over which the average pressures act. The
second correction which was made to the indicated drag force reading
accounted for the friction drag acting on the flat plate portion of
the model. This correction term, Fons is given by

- 1 2 ~
Foy, = - P UZAXDC (17)

where 6} is the average drag force coefficient acting on the surface of
length Ax.

The net drag force FN of the notch then is given by

FN = Fbalance " Fsh " FAP (18)
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where Fpojgpce 1S the reading obtained from the drag force balance
during the test.

For each model tested in the supersonic section the Reynolds
number was the only quantity that could be varied. The results are
plotted in Figs. 16, 17, 18, and 19 with the notch drag cocefficient
as the ordinate and the Reg number as the abscissa with notch length
and angle as parameters. The effect of the shear layer thickness
on the drag coefficient is depicted in Fig. 20,

6.2.2. Transonic Drag Coefficients

For the transonic tests the main variable was the Mach number
and there was no direct control over the Reynolds number. The pri-
mary results, drag coefficient as a function of Mach number, are
plotted in Figs. 24, 25, and 26 with notch length and notch angle
as parameters. Fig. 32 shows the effects of the shear layer thick-
ness, 0/L, on the drag coefficient with Mach number as a parameter.

6.3 Drag Force Test for Determining the Friction Drag of the
Downstream Redevelopment

A series of tests were conducted in the supersonic test section
in order to determine the influence of the notch on the friction
drag force acting on the flat plate portion downstream from the notch.
This effect was determined by placing the notch at different locations
on the model in the drag force balance. For each test the same
notch geometry was used but the notch was placed progressively further
upstream for each test.

e— A X L L —=

S | R | e /Ag
\/

| |7 " i

Drag Balance Model Base
= 4o u?Axbc
Fsh 2peueAXbcf
FAP = (5@ - ?ﬁ)Ag, Fy 8 (experimental data)

Diagram 6. Redevelopment Drag Force Correction Terms
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Not only were the two corrections F,, and Fgy made to the in-
dicated drag force Fpalance @S described " in Part B above, but also
the correction term for the drag force created by the notch was
made. This additional correction term Fy is illustrated in Diagram
6 and its value was determined from the results obtained in the
supersonic notch tests. The shear force F p4, on the flat surface
of the model after the notch is given by

F = F - F.-F

shRd = Tbalance ~ fsh =~ Iy = Tap

The results from this test are plotted in Fig. 33.
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7. DISCUSSION OF RESULTS

The experimental results shown in Figs. 20 and 32 indicate that
the Reynolds number effect is of minor importance when compared with
the other variables. For the supersonic results shown in Fig. 20 it
is clear that the notch angle is a significant factor in the deter-
mination of the drag coefficient for 6/L < 0.02 while for 6/L > 0.02
it is independent of the notch angle. A similar trend for transonic
flow can be observed in Fig. 32, however, the value of 0/L where the
drag coefficient becomes independent of notch angle is seen to be a
function of Mach number. For this reason the results of this in-
vestigation are discussed, for any given Mach number, utilizing /L
as the primary variable indicating the shear layer effect while the
momentum thickness Reynolds number will be treated as a secondary
variable.

For purposes of discussion a thin approaching boundary layer is
one in which 0/L is small enough so that the notch angle affects the
drag coefficient while a thick approaching boundary layer is one
where the notch drag coefficient is independent of the notch angle.
From Figs. 20 and 32 estimates of the values of 6/L for thin and thick
boundary layers can be made. TFor 1.1 < Me < 2,

"
=@
(ol Kas}
S

) <o.02<(
thin thick

while for a subsonic Mach number of 0.6

< 0.09 < (
thin thick

|
e

—
| @
g S

7.1 Thin Approaching Boundary Layers

7.1.1 Supersonic Results, Me = 2

i)} Reynolds Number Effect

All of the v-shaped notches tested in the supersonic
(M B 1.95) regime with thin approaching boundary layers
exhibited an effect on the drag force coefficient for a
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ii)

change in the Reynolds number. The notch drag coefficients
for supersonic flow are plotted in Figs. 16, 17, and 18. In
order to obtain a Reynolds number variation in the wind tunnel
the stagnation pressure was varied. The change in stagnation
pressure also caused a change in the momentum thickness of
the boundary layer so that the effect shown in Figs. 16, 17,
and 18 is a combined Reynolds number effect and shear layer
thickness effect. In order to isolate the Reynolds number
effect the data was replotted in Fig. 20 for constant values
of the Reynolds number at various shear layer thicknesses.
This figure indicates that for a constant shear layer thick-
ness and notch angle the drag coefficient increases with in-
creasing Reynolds number for thin approach boundary layers.

Notch Angle Effect

The change in drag coefficient caused by a change in the
notch angle can be most easily observed in Fig. 19. In the
range of variables considered here (L = 3.5 inches, 2.25
inches, and 0.375 inch for thin boundary layers) the notch
drag coefficient increased with increasing notch angle for a
given notch length. Also shown in Fig. 19 are the drag co-
efficients estimated by using inviscid linearized supersonic
theory for half-diamond-shaped profiles.

The progressive deviation of the drag coefficient from the
linearized theory solution as the notch angle was increased
demonstrated how the changing flow geometry reduced the drag
coefficient from the theoretical solution based on the wall
geometry.

A comparison of the experimental results with the solution
obtained by using the proposed model for supersonic flow is
shown in Fig. 22. The solid lines in Fig. 22 represent solu-
tions of equation (10) using the proposed model and experi-
mentally determined penetration depth ratios. The solid

points in Fig. 22 are the experimental results for the drag co-
efficient for various notch lengths and angles. The agreement
between the proposed model solution and the experimental re-
sults is satisfactory considering the assumptions which are
made in the proposed model. The characteristic trends of the
solution are interesting to note. For a given notch length

the increase of the drag coefficient for an increase in notch
angle above 13° is negligible because the flow separates close
to the leading edge of the notch making the wave drag contribu-
tion small in comparison to the shear drag in the developing
shear layer region. The effect of decreasing the notch angle
for a given notch length is also demonstrated in Fig. 22. For
very thin boundary layers (9/L = 0.003 or L = 3.5 inches) the
theoretical solution could be extrapolated to a maximum
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penetration depth (d/r »> 1) indicating that for a long

(3.5 inches) notch this would occur for a 6° notch angle.
The relation to flat plate friction drag (R + 0) and to
fully separated flow past a rectangular cutout (see Fig. 21)
is shown in Fig. 23.

iii) Shear Layer Effect

For thin boundary layers there is an effect on the drag co-
efficient as the geometry of the notch is changed. Fig. 20
indicates that for each notch angle as the shear layer thick-
ness was reduced the drag coefficient approached a constant
value.

7.1.2. Transonic Results, Me = 0.6 to 1.18

For the results obtained from the transconic flow regime the basic
experimental parameters are different than they were in the supersonic
regime. For these tests there was no direct control over the Reynolds
number so that in this range of flow variables it was not possible to
isolate the Reynolds number effect. However, this inability to estab-
lish the Reynolds number effect was not critical since as can be seen
in Fig. 13, Re, had only a small variation between 7800 at M = 0.6
and 9100 at Mg = 0.09. The three basic effects considered if the tran-
sonic regime for thin boundary layers are notch angle, shear: layer
thickness, and Mach number.

1) Notch Angle Effect

For the case of a thin approaching boundary layer an increase
in notch angle resulted in an increase in the drag coefficient
for the range of values of Mach number tested. This was in-
dicated by the results shown in Fig. 27 for a 2.25-inch long
notch. The same results can be observed in Figs. 24, 25, and
26 for the 3.5-inch and l-inch notches which are long enough
to be in the thin boundary layer classification. For the
lower Mach number range (0.6 to 0.8) the shorter notches
(0.625- and 0.375-inch) are also in the thin approaching
boundary layer classification (Fig. 32) and the same effect on
the drag coefficient for a change in the notch angle is noted
in Figs. 24, 25, and 26.

The transonic similarity parameters 4 and é? were introduced
as correlating parameters for the drag force coefficients. The
experimental results from this investigation were plotted in
terms of the parameters 2 and‘é7 in Figs. 29, 30, and 31. It
can be noted from these figures that 4 and are reasonable
correlating parameters for thin approaching boundary layers.
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ii)

iii)

Shear Layer Effect

For the transonic flow regime the same qualitative effect
for the approaching shear layer thickness on the notch drag
coefficient was observed, however, the results also indi-
cated that the value of the momentum boundary layer thick-
ness for which the drag coefficient becomes independent of
the notch angle increases for subsonic Mach numbers.

Mach Number Effect

The Mach number effect observed in this investigation was
the most pronounced effect and is illustrated in Figs. 24,
25, 26, and 27. It is obvious in Figs. 24, 25, and 26 that
for v-notches a maximum value in Cq is going to occur for a
Mach number greater than one and that the value of Mg where
this maximum of C4q occurs is going to be dependent on the
notch angle.

A model was proposed which qualitatively accounts for this
shift in the maximum value of the drag coefficient near
Mach number one. The Mach number at which the shock de-
taches in the v-notch is dependent upon the. notch angle and
this relationship is shown in Fig. 28. After the shock de-
taches from the vertex the Mach freeze concept proposed by
Bryson (Section 3.4.31) has been used to calculate the drag
coefficient. The results from this calculation were shown
in Fig. 7 for a 7° notch without separation and this curve
has been replotted in Fig. 27 along with the experimental
drag coefficients for a notch length of 2.25 inches. The
qualitative agreement between the theory and experiment is
good.

The theory and the experimental results do not agree quanti-
tatively because in the actual flow case the flow separates
from the surface causing the effective notch depth to de-
crease thus reducing the drag force coefficient. This change
in the location of the separation point in passing through
the transonic regime was shown in Figs. 4 and 5 for a 7°
notch. This location of separation would cause the actual
drag force coefficient to be reduced by about one-half which
is the case shown in Fig. 27.

That this concept gives reasonable results well into the
transonic flow regime is shown by the dashed curve in Fig. 27.

The value of the Mach number where the maximum drag coef-
ficient occurs is estimated in Fig. 28. The quantity

(M) is the theoretical Mach number in the free stream
e’ detach
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when the shock detaches from the wvertex of the notch.

7.2, Thick Approaching Boundary Layers

7.2.1.

i)

ii)

iii)

7.2.2.

i)

ii)

Supersonic Results, Mg = 2

Reynolds Number Effect

For the thick boundary layer case (L = 0.375 inch and 0.625
inch) there was still an increase in Cq for an increase in
Reg, however, the change was not as great as for the thin
boundary layer case. The reason that this change is less
is that the thicker approach boundary layer mollifies the
effect of the notch on the free stream.

Notch Angle Effect

The results of this investigation show that for thick ap-

proach boundary layers the notch angle has very little ef-
fect on the drag coefficient, in fact, the method of clas-
sification used assumed Cy to be independent of the notch

angle in this regime.

Shear Layer Effect

For the thick shear layers, as stated before, the boundary
layer acted as a buffer region between the free stream and
the solid boundaries with the net effect of reducing the
drag coefficient. This reduction is quite obvious in Fig.
19 where, as 6/L was increased, the drag force coefficient
was reduced.

Transonic Results, Mg = 0.6 to 1.18

Notch Angle Effect

The thick approaching boundary layer in the transonic flow
regime eliminates the notch angle effect as can be noted in
Figs. 24, 25, and 26 for L = 0.375 inch, and 0.625 inch.
Similar results were observed in Figs. 29, 30, and 31 where
the data were plotted in terms of 4 and 57 . For the thick
boundary layers the transonic similarity parameters £ and
fé7 also correlated the drag force coefficient data satis-
actorily.

Shear Layer Effect

For the supersonic Mach number range (M, > 1.1) in the tran-
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sonic flow regime the shear layer effects on the drag co-
efficient for the thick approaching boundary layers were
identical to those for the thin boundary layers.

iii) Mach Number Effect

The Mach number effect for transonic thick approaching
boundary layers was qualitatively the same as for the tran-
sonic thin approaching boundary layers.

7.3. Redeveloping Shear Layer Drag Downstream from the Notch

Tests were conducted to measure the effect that the v-notch has
on the shear layer drag downstream from the notch. Experimental data
representing the ratio of the measured drag force to the drag force
on a flat surface equal to the redevelopment length at the same tunnel
location but without the notch upstream are plotted in Fig. 33. Also
shown in Fig. 33 is a theoretical estimate of the redeveloping shear
layer drag assuming that the effective velocity at the start of the
redevelopment region is 75% of the free stream velocity. The important
conclusion from this series of tests is that there is a region of high
frictional drag immediately behing the notch as a new boundary layer is
developed within the shear flow layer present near the downstream cor-
ner of the v-notch, but that this high frictional drag decays to a
fully developed boundary layer value within about four notch lengths
downstream of the notch.
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8. MISCELLANEOUS DRAG MEASUREMENTS
OF RECTANGULAR AND CIRCULAR
CAVITIES

Drag coefficients were measured for rectangular notches and
circular cavities and these results are presented in Fig. 21. The
drag coefficients for rectangular notches were strongly dependent
upon the notch length and only slightly dependent upon the Reynolds
number. The values of the drag coefficient measured here do not
agree with those given by Charwat, Roos, Dewey, and Hitz (Ref. 9),
(Diagram 7) which can only be partly explained by the fact that §/r
for these results was smaller by a factor of two than §/r for their
results.

0.0z M, = 2.1

C | — M 4

— | —»

Q

N

(o)
\\\\3

AR WY

L 3.5 e H
!

L i 1 |
0 3 6 S 12 L/H

Diagram 7. Notch Drag Coefficients (Reference 9)

A circular cavity was likewise tested in the drag balance and
also a theoretical calculation of the drag force was made using
equation (9). The agreement is shown to be very good.
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9. CONCLUDING REMARKS

From the analytical and experimental results of this investi-
gation the following conclusions may be made about the drag co-
efficients for v-shaped notches.

i)

ii)

iii)

iv)

v)

vi)

vii)

The drag force on two-dimensional models can be
accurately determined by direct force measurements
using a newly developed balance employing strain
gages. In particular, the effect of the notch angle
at given values of Mach number and Reynolds number

is shown to produce a continuous variation from flat
plate friction drag values through combined wave drag
and free jet mixing contribution to the shear drag in
fully separated flow regions.

The influences of the major experimental variables,
namely notch geometry, flow Mach number and viscous
effects (Reynolds number and boundary layer thickness
ratio) could be established.

A strong effect due to flow separation from the walls
of v-shaped notches on the over-all flow configura-
tion and drag forces (form drag and friction drag)
was observed.

The effect of the approaching boundary layer can be

discussed in two categories, namely, thin or thick,

depending on the degree to which the notch angle in-
fluences the value of the drag coefficient.

Reynolds number effects were generally small due to
the large contribution of the free shear layer
phenomena.

Supersonic flow past v-notches with relatively thin
approaching boundary layers can be analyzed on the
basis of a simplified flow model accounting for the
reduction in form drag by introducing information on
the penetration depth ratio.

Drag values obtained for transonic flow show an an-
cmolous behavior near Mach number of unity in as much
as they reach maximum values at slightly supersonic
Mach numbers. This was found however, to be ration-
ally explained by the "self-adjusting" configuration
of the separation region.
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viii)

ix)

x)

Theoretical analysis of the drag of shallow v-notches in
the transonic flow regime using empirical information on
the penetration depth ratio resulted in good quantitative
agreement with measured values.

The transonic parameters £ and.é7 are reasonable cor-
relating quantities in the transonic flow regime for v-
shaped notches.

The separation point inside of the v-shaped notch adjusts
itself near Mach number equal to one resulting in an
effective geometry change which reduces the expected
notch drag coefficient.
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Figure 2(c). Supersonic Notch Flow (Me = 1.96, Q @ 16°, L @ 2 in.)
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Figure 3. Transonic Flow Over Notch
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Figure 4. Transonic Flow Over Notch (continued)
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Figure 5. Transonic Flow Over Notch
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(@) M, = 1.09, L = 2 in., Q= 7°

Figure 5. Transonic Flow Over Notch (continued)

50



16

Reattachment

- T/
|
!

Static Pressure , psia

—

— Theoretical Shock-Expansion
Pressure Distribution

——— Linearized Theory
(No Separation)

e Experimental Values

M=196
L =2in.
Qe10
1 I | I | | |
0 1 2

x - position Along Notch , in.

Figure 6. v-notch Pressure Distribution




[4¢

0.05

0.04 —

0.03 —

0.01 —

' ! ! |
| Shock - Expansion Theory

Q=7°
(No Separation)

Mach Freeze
Theory

—

1.0

1.4 1.8

Figure 7. Transonic Flow Model C, Variation

d

2.2



Flow ———»

€g

P, Py

l Model Gap Clearance — ‘ r_

| | 1 L

L Lﬁ.’
Floating Element
Seal Gap
Clearance
«— G
Strain  Gages
%) @ l?:avi’ry @ @

Figure 8. Diagrammatic Drawing of Drag Force Balance



(+)
Grams

Downstream Force

(-) (+)

Indicator Units

Upstream Force

(-)
Slope = 0.1314 gram /unit

Gain =20
Gage Factor = 2.12

Figure 9. Drag Balance Calibration

54



gg

Figure 10.

Drag Force Balance




a b
|
0.5— —
= -
| Me = 1.98 _
—=—=— 1/7 Slope Through u/u,=1,Y/8 =1
—— 1/7 Slope Through Data
0.1 L | | | 1 l
0.5 1.0 2.0
u/ue

Figure 11. Supersonic Velocity Traverse Results

56



LS

100

Po , psia

50

10

Figure 12. Momentum Thickness Reynolds Number

J T T T T 11 |
i -
Computer
e — Experimental
M, = 1.98
| | 1 l ] i ] 1 I |
5 10 40
-3
Re, (x10 )



8¢

-3
Re9 (x10 7)

1.3

1 T l T | | T
e At Model Leading Edge
10 + -
®
9 -
[ )
8 r -
7 1 | | 1 | |
0.6 0.7 08 0.9 1.0 1.1 1.2
M,

Figure 13. Transonic Momentum Thickness Reynolds Number



10

8
6
4
(L)
o
>
o~
2
2
1

\ | | I 1 I l
_ M, = 1.95 —
! -
‘ — Re9|1 + Reelz ‘
- Ree = —_—
2
o Data
/Spalding - Chi
Culick - Hill - Howell _—

| I 1 | [ | I |

3 5 10 20 50

Figure 14%. Average Drag Coefficient on a Flat Plate



0.5

0.4

0.2

09

01

0 | | | l | |

04 08 1.2 1.6
Mach Number

Figure 15. Self-adjustment of the Separation Point

2.0




19

3
Cq (x107)

25|

o L=3.5in. Me=1.95
o L =2.25in Q=7°
20— A | =0.375n. -
" ’G’D_D,D-D’D—D—D’ 7
%
10 - ]
5_ —
| 1 | I I
OO 4q 8 12 16 20

-3
Re, (x10 7)

Figure 16. Supersonic Notch Drag Coefficients

24



29

25 T I

10 |- -

Cy(x10°)
%

o L=35in.
A L =225in.
5 F o] L = 10 in. |
e L =0625in. M =195
" L=0.375in £ =10
O | | 1 1 |
0 4 8 12 16 20 24

Re, (x10 °)

Figure 17. Supersonic Notch Drag Coefficients

- e R AR e SR S R B aR R L Nr T l



1

€9

Cy(x10°)

25 T T T I l
]
/
al D //glrbiblykadr 7
/
T o / -
[
or / -
| o L=35in
a =225 n.
S o L=10in. Mg =1.95 -
e L =0:625 in. Q=13°
m | =0375 in.
0 1 ] ] L 1
0 4 8 12 16 20 24

Figure 18. Supersonic Notch

Re, (x1(53)

Drag Coefficients



Ternsa

.ﬁ_“:‘j}'ﬂﬁ“:"’

40 , : I SN

Me=1.95

— 1 °
T 107 wedge ——— L=35in -

—--— L=225In.
———=— L=0.375in.

30 |~ —
;
13°
. 10°
'OO /
S -
«— 7 wedge 10
- 7° -
- __10°
“/—-——
r— _7°
10 "'_——’-—__,—” —
13°
0 1 | | |
0 4 8 12 16 20

Re, (x10°°)

Figure 19. Summary of Supersonic Cd

64



9

3
Cd(x1O )

40

20

10

Figure 20. Shear Layer and Ree Effect on Cd

| | T T T T 1] | I
a _
A
- oV ~
B . i
| e 13, Re, =15000 ]
| = 13, Re =10000 i
A 7 ,Re =15000
v 7 ,Re =10000
- Mg =1.95 .
I 1 N | |
1 5 10
3
8/L (x107)

60



99

25 T | l T | T
L=2.25 in.
u] 777/! [77 L/r=3
20+ —
L=1in. a
. P77 L/r=1.33 s ° % oo
777 p 0D
15+ -
mg ® Circular Notch Theory
<
"’U L=0.51 in.
o L o _ -
10 77A)77 Lty = 0.286 ) ]
e O L/r=3
- n
an® g & .
St IVIe='|.95 " L/r=1.33 /4
o
o Charwat, Roos, Dewey, Hitz
0 | | | ! | !
5.8 8.0 10.0 10.2 10.4
-3
Re, (x10 7)

Figure 21. Cd for Rectangular and Circular Notches

D St NN



40

30

10

m L=35in,0=7,1013
e L=2.25in,0=710"13°
A L=1in. ,Q=710,13°

0,0 Calculated Using Egn. (10) and Schlieren

d/r

Figure 22. Theoretical and Experimental Cd

67

Data
I | | I
L 13° —
L=35in. 10
_L=2.25in. 5 _
°®
A
[}
A o
M= 1.96
1 | | |
0 0.2 0.4 0.6 08

1.0



89

20

15

Rectangular Notch

M =1.96 _
e

L =2.25in.

¢— Flat Plate

| 1 | | |
0 6 12 18 24 30 36
), degrees
Figure 23. Cd Variation with Notch Angle




69

Cy(x10°°)

25 ] T 1 T I |
[ ]
20 - " .
[ ]
.O
[n]
ue
0 (o)
[»] . A
I. Q=7
10 - n A -
® m L=35in
e L=2.25 in.
® 5 o L=1in.
- a -
5 * 2 ot O L=0.625 in.
a
Al o, A L=0.375 in.
0 | i L | ] |
0.4 0.6 08 1.0 1.2 1.4 1.6 18 2.0

Mach Number

Figure 24. Transonic Notch Drag Coefficients

1



04

25

1 | | | T T
..
| ]
L B —
20 . o Py
| ]
o
- [ ]
15 ¢ -
- of
o »
o
= n
o . Q=10°
© ok . a .
. ® m L=35in.
N e L=2.25in.
. % o L=1in.
- O —
5 o o o L=0.625 in.
Ab A L=0.375in
0 | 1 1 1 | 1
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Mach Number

Figure 25. Transonic Notch Drag Coefficients

20




1L

Cd(x10_3)

25

B ! ] 1 ] 1
(]
]
(]
L ] -
20 oln °
n 8 o'
] o ® QD
15 - o -
o & o
B
]
B ®
o - Q=13°
10 — ® O A —
", m L=35n.
a] L=2.25 in.
(07 o L=1in.
5 8 -
#] o L=0.625 in.
A L=0.375 in.
0 | | | | 1 [
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 20

Mach Number

Figure 26. Transonic Notch Drag Coefficients



(47

Cy(x107%)

T ] ] | | |
al- Mach Freeze Theory
(no separation) -
Q=7°
Shock Theory
3L / (no separation)
/ _ =0
Mach Freeze Theory— 0 _ / Q=7
(with separation) a’
7
Y )
2r // A
3
Am
Ag o P
A Y ﬂ = 7°
A A [ ] P °
Ta a . ° m =10 —
. u A Q=13
® o e * .
L =2.25 in.
0 | | i 1 1 |
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Me

Figure 27. Comparison of Cd with Flow Model




(Me)detach

2.2 B —

L T
1.8} -
14 _
L —
10 — I I B 1 L
Q) , degrees

Figure 28. Detaching Mach Number

3



PL

1 { 1 I { { 1
°
o
3 o o
o”
Oa
2L o L=35in.
o"%? o L=2.25in.
un> e L=1in
o
1L 0°L ¢ ® L =0.625 in.
o * A A | =0.375in.
°® 'Y o .
° ou 8 ‘ g A Q=7
™ A
A
0 L 1 I ] 1 l |
-4 -3 -2 -1 0] 1 2 3 4

Figure 29. Transonic Similarity Parameters

- —
. =]

]



S

4. ! T | I
o L=3.5in.
o L=2.25In.
3 e L =1in.
B |L=0.625 in. o
A L=0.375in. °
(-]
/ oL =10 .
Qe
oe
°
DEl lo)
WL o0 o°o.l
o.©° l
o oP °
Ye o2 ne ® o of
m
Or 1 } i 1
-4 -3 -2 -1 0 3

Figure 30. Transonic Similarity Parameters




94

T T | 1 |
0D L=3.5in
o L=2.25in.
3 o L =1in. n
L =0.625 in.
A | =0.375 in.
2 |- Q= 130 -
D
o
‘2
1k D * S
DDDDé
o A
ool Je
§ o e
o Mo, ° ° q“).l. *
Ag'e .
1 1 1 ] 1
-4 -3 -2 -1 0 1 2 3
Figure 31. Transonic Similarity Parameters

s,

P

e -~



30

10 —
30
nA
'
=
©
13)
10
20 n! | D A NN B A T T T T T
M=e0.6
10 —]

I#l1|

1 1 |

8/L(x10 >)

Figure 32. Me and 6/L Effect on Cd

7

50



8L

8961 ‘A313ueT-VSVN

SETT-¥D @

| 1 1 |
Ree 210000
3 L =0.375 in. |
Me = 1.96
. Q =7
2 ° i _
¢—075\\\
1+ ™ ° ° o |
o) Nl [ 1 I l 1
0 1 2 3 4 5 6 7

Redevelopment Length / Notch Length

Figure 33. Redevelopment Drag Force

(D = drag force on redevelopment length, D

fn = drag force on flat surface equal
to the redevelopment length at same tunnel Eo

cation but without the notch upstream)




